Sumnmary.-Experiments are described with a purified RNA-dependent-RNApolymerase (replicase) induced in E. coli by the RNA bacteriophage Qj3.
Fluorescence in photosynthesis represents that portion of absorbed radiant energy which is not converted into chemical energy (or heat) but is re-emitted as radiation. Many investigators have used fluorescence measurements to probe into the mechanism of photosynthesis, particularly the relation between photon capture and the primary photochemical events. The extensive and complex literature on this subject is reviewed by Rabinowitch. ' Research centered on fluorescence of whole cells or of chlorophyll in solution has led so far to few direct, experimentally demonstrable relations between fluorescence aIld the primary energy conversion reactions of photosynthesis. The fraction of absorbed light which is re-emitted during photosynthesis by whole cells as fluorescence is very low, of the order of one per cent or less. ' Chlorophyll solutions in organic solvents give much higher fluorescence yields, of the order of 20-30 per cent, but have no photochemical activity that can be directly related to photosynthesis. PROC Among recent investigations of fluorescence in photosynthesis are investigations of fluorescence in isolated chloroplasts,2-4 the microscopic organelles which contain all of the photosynthetic pigments in green plants and which retain photosynthetic activity when properly removed from the cell. The aim of this investigation was to use fluorescence measurements on chloroplasts to test the view that photosynthetic phosphorylation, independent of carbon assimilation, constitutes the primary energy conversion process of photosynthesis. 5' 6 According to this view, photosynthetic phosphorylation should act as a quencher of chloroplast fluorescence.
This article presents evidence that fluorescence of spinach chloroplasts was quenched under experimental conditions that give rise to cyclic or noncyclic photophosphorylation, the two subdivisions of photosynthetic phosphorylation.6 Cyclic photophosphorylation is a photochemical reaction which produces only ATP,7 whereas noncyclic photophosphorylation is a photochemical reaction that produces simultaneously and in a stoichiometric relation, oxygen, ATP, and a strong reductant, reduced ferredoxin.8 9 Of the three products of photosynthetic phosphorylation, oxygen is set free whereas ATP and reduced ferredoxin jointly form the assimilatory power that drives carbon assimilation.
Methods.-A schematic diagram of the apparatus used for fluorescence measurements is shown in Figure 1 . A 1200-watt projection lamp was used to give a monochromatic beam which served as the exciting light. The beam was focused through a system of lenses and filters on the cuvette containing the sample. An interference filter was used to isolate a band of 650-m.u light (halfwidth, 10 mu). The fluorescence emitted by the sample first passed through a blocking filter to remove stray light, and then entered the slit of a Bausch and Lomb 500-mm monochromator. The fluorescence was detected at the exit slit of the monochromator by an EMI 9558 B photomultiplier tube and the signal was displayed on a digital voltmeter (Fig. 1) . The spectrum of the fluorescence was measured at intervals of 5 mjs, in the range from 670 to 760 mMA.
A standard lamp, calibrated by the National Bureau of Standards, was used to correct fluorescence readings for the transmission characteristics of the optical measuring system and for the spectral response of the photomultiplier tube (method described by Stair et Thunberg-type cuvettes contained a chloroplast preparation or extracted chlorophyll (in 80% acetone). The concentration of chlorophyll used was selected to minimize errors from reabsorption of fluorescent light. A "control" fluorescence spectrum was recorded first, and then a second fluorescence spectrum was measured after tipping into the cuvette the various components placed in the sidearm. In the experiments with chloroplasts, the cuvettes were rendered anaerobic by 6 cycles of evacuating with a mechanical vacuum pump and gassing with argon. In the experiments with extracted chlorophyll, the cuvettes were made anaerobic by 1 cycle of gassing with argon. The chloroplast preparation consisted of "broken" chloroplasts (C1S2) prepared by our usual method."1 Results and Discussion. Fluorescence of chlorophyll solutions and chloroplasts: It was deemed of interest, prior to investigating the effect of photophosphorylation on fluorescence of chloroplasts, to compare their fluorescence with the fluorescence of an equal amount of chlorophyll in an acetone solution. Figure 2 shows that with the same exciting light, the fluorescence of chlorophyll in solution was markedly greater than that of the same amount of chlorophyll remaining within the structure of chloroplasts. The fluorescence of the chlorophyll solution exhibited a broad peak at about 725 mjA and a very sharp peak at about 678 m1A. The corresponding but strikingly lower peaks of chloroplast fluorescence showed maxima around 740, 720, and 685 mAL. Figure 2 demonstrates that the arrangement of chlorophyll molecules within the chloroplast structure provides in itself a mechanism(s) for the transfer of the energy of chlorophyll molecules excited by light. However, a residual chloroplast fluoresscence remains, and in subsequent experiments we shall be concerned with its quenching by the reactions of photosynthetic phosphorylation.
Quenching by cyclic photophosphorylation: Cyclic photophosphorylation in chloroplasts depends on the addition of a catalyst, e.g., menadione or methyl phenazonium methosulfate (phenazine methosulfate) which, according to the electron flow theory of energy conversion in photosynthesis,6 12 catalyzes, in light, an internal or "cyclic" electron flow within the chloroplast and thereby liberates the free energy required for the synthesis of ATP. The light-induced cyclic electron flow is envisaged as occurring from excited chlorophyll to the catalyst, from the catalyst to a chloroplast-bound electron carrier (e.g., a chloroplast cytochrome), and thence back to chlorophyll.6 12 Recent findings point to chloroplast ferredoxin, a water-soluble, iron-containing protein, as the endogenous catalyst of cyclic photophosphorylation in chloroplasts. 3 Without the addition of ferredoxin (which is normally lost in the preparation of "broken" chloroplasts) or of a substitute catalyst, there can be no effective cyclic electron flow, and hence little ATP will be formed. Since the degradation of the energy of a molecule excited by photon capture can occur by electron transfer to an appropriate electron acceptor molecule,'4 the catalyst of cyclic photophosphorylation should, by establishing a cyclic electron flow, quench chloroplast fluorescence. As shown in Figure 3 , inorganic phosphate or ADP, when added singly, produced a small quenching of chloroplast fluorescence. A somewhat greater quenching resulted when ADP and inorganic phosphate were added together. These effects suggest that a low level of cyclic electron flow was enhanced by these additions, probably because a trace of ferredoxin still remained in the chloroplast preparation. This residual cyclic electron flow would be accelerated, and hence give greater quenching, when ADP and inorganic phosphate are Figure 4 . This effect, which is contrary to the lack of quenching of chloroplast fluorescence by ferredoxin ("PPNR") reported by Kok, is in agreement with the role of ferredoxin as a catalyst of cyclic electron flow." A further quenching of chloroplast fluorescence was observed upon adding ADP and inorganic phosphate (Fig. 4) , an observation which again supports the idea that the cyclic electron flow catalyzed by ferredoxin is accelerated by concomitant phosphorylation.
The in the cyclic electron pathway-a step which is included in the cyclic electron flow catalyzed by ferredoxin and which is sensitive to inhibition by antimycin A and dinitrophenol.3' 16 The marked quenching of chloroplast fluorescence by menadione and phenazine methosulfate led us to examine whether these two compounds would perhaps quench the fluorescence of chlorophyll in solution. However, as Figures 7 and 8 show, their effect on the fluorescence of chlorophyll in solution was negligible.
Quenching by noncyclic photophosphorylation: In noncyclic photophosphorylation, ATP formation by chloroplasts depends on a transfer of electrons from water to an external acceptor. This type of photophosphorylation provided the first direct experimental evidence,8 as distinguished from conjecture, that photophosphorylation is coupled to a light-driven electron flow in chloroplasts.
The physiological electron acceptor in noncyclic photophosphorylation was thought to be TPN8 but is now known to be ferredoxin,9 which in turn transfers electrons to TPN via two dark reactions. '6 In the absence of ferredoxin and TPN, illuminated chloroplasts can transfer electrons to such artificial electron acceptors as ferricyanide, and such variants of noncyclic electron flow are also coupled with ATP formation.8 Thus, noncyclic photophosphorylation affords an opportunity to test the quenching of chloroplast fluorescence by election transfer to ferredoxin or its nonphysiological substitutes in the presence or atsence of ADP and inorganic phosphate. PROC No further quenching was observed on adding ADP and inorganic phosphate. Very similar results were obtained with benzoquinone (Fig. 10) .
Unlike ferricyanide and benzoquinone, the addition of ferredoxin and TPN gave a more pronounced quenching of chloroplast fluorescence (Fig. 11) . The addition of TPN alone produced some quenching, probably because the chloroplast preparation contained residual ferredoxin that permitted some transfer of electrons from excited chlorophyll to TPN. The addition of the small amount of ferredoxin used to catalyze noncyclic electron flow (0.2 mg versus 3.0 mg used for cyclic; see legend for Fig. 4 ) gave a similar amount of quenching, but much greater quenching was obtained when ferredoxin and TPN were added together. Figure 12 shows a marked additional quenching of chloroplast fluorescence that resulted from the further addition of ADP and inorganic phosphate to the ferredoxin-TPN system. This is consistent with earlier findings that the rate of noncyclic electron flow is markedly increased by concomitant phosphorylation.8 17
Concluding Remarks.-The quenching of chloroplast fluorescence by cyclic and noncyclic photophosphorylation is consistent with their characterization as the primary photochemical reactions in photosynthesis.6 12 The energy of captured photons may be dissipated as fluorescence or may generate an electron flow which yields the chemical energy stored in the pyrophosphate bonds of ATP and in the reducing potential of ferredoxin. Of special interest is the striking quenching of chloroplast fluorescence by the cofactors of cyclic photophosphorylation. These results make it seem likely that cyclic electron flow may be an important mechanism for degrading the energy of excited chlorophyll in vivo when the normal path of complete photosynthesis is, for one reason or another, blocked. Arnon et al.8 suggested that during the diurnal closure of stomata in leaves, when gas exchange and hence normal photosynthesis is impeded or altogether stopped, cyclic photophosphorylation could occur and form extra ATP for metabolic purposes, for example, for the activation of amino acids for protein synthesis.
The quenching of chloroplast fluorescence provides a direct and sensitive technique for relating, in a photosynthetically active system, the excitation of chlorophyll by light with the primary conversion reactions.
